Abstract: Positron Emission Tomography (PET) is a diagnostic imaging procedure used regularly to acquire essential clinical information. The PET-CT hybrid, which consists of two scanning machines: PET scanner and an x-ray Computed Tomography (CT). At present these represent the technological hierarchy of Nuclear Medicine, occupying an important position in diagnostics. In fact, PET-CT has the capability to evaluate diseases through a simultaneous functional and morphostructural analysis. This allows for an earlier diagnosis of the disease state which is crucial for obtaining the required information to provide a more reliable prognosis and therapy. Presently, the most frequently used PET radiotracer [ 18 F]fluorodeoxyglucose (FDG) has a major role in oncology. Useful information is being regularly obtained by using both FDG and a selection of radiotracer compounds to evaluate some of the most important biological processes. Thus, creating an opening for 'Molecular Imaging' and providing a platform for a potential revolution in the clinical diagnostic field. In this review, we hope to present the most interesting technicalogical and methodological advances in clinical diagnostics for oncology, neurology, and cardiology. A particular attention is dedicated to the applications of PET in neuropsychiatric diseases and its connections with receptor imaging.
INTRODUCTION
The imaging of the human body can be traced back to 1895 with the discovery of x-rays by the 1901 Nobel Laureate Wilhelm Conrad Röntgen [1] . Today, a variety of imaging techniques have been added to traditional Radiology (Rx) to assist with the diagnosis of various disease states in humans. Although the planar image continues to have the capacity to reliably answer a variety of clinical questions as demonstrated by Mammography (Mx) or Chest x-rays. The 'new' diagnostic imaging tools which include Computed Tomography (CT), Magnetic Resonance Imaging (MRI), Ultrasound (US) and Nuclear Medicine (NM), are mainly based on 3-D anatomical and functional images of the human body [2] . During the past several decades, some new imaging tools for Nuclear Medicine have emerged. These include the usage of gamma emitters for Single Photon Emission Computed Tomography (SPECT) and positron emitters for Positron Emission Tomography (PET). The PET capabilities in Nuclear Medicine technology have evolved from several key discoveries ( Fig. 1) [3] .
The PET approach provides a clear and effective expression of radionuclide imaging and in contrast with other imaging techniques based on a (morphostructural change in arrays, micro-centrifuges, application of solid support reagents and high performance liquid chromatography (HPLC) [5] .
• Identification of positrons.
• Development of coincidence detection for annihilation radiation.
• Invention of cyclotrons.
• Production of positron cameras and more recently of hybrid PET-CT systems.
• Development of a radiochemistry producing radiotracers labelled with short half-life positron emitters.
• Advancement of computer technology.
• Development of mathematical algorithms for image reconstruction. Non-invasive PET imaging has been used as a research tool in humans since the 1970s. The advance in technology and a wider application allowed a clinical role for diagnosis, staging and monitoring of disease in patients by the mid 1990s [6] . In 1953, the pioneering work of Brownell and Sweet ( Fig. 2) at Massachusetts General Hospital allowed the completion of the first positron detector to study brain function [7, 8] .
Many of the key discoveries in the clinical use of PET have been pioneered by a number of scientists including D. Kuhl, M. Ter Pogossian, A. Wolf, L. Sokoloff, M. Phelps, G. Di Chiro, A. Alavi, and H.N. Wagner Jr [9] . In the nineties Wagner showed the application of the glucose analogue, FDG could be used in PET studies to contribute to clinical evaluation of the patient. The earliest applications of clinical interest were carried out in the study of brain diseases, with main references to cancer and dementia [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
In the late eighties, since technological advances permitted a faster and more accurate whole body examination (Fig.  3) ; PET with FDG started to become a primary clinical tool in oncology, finding its main role in diagnosing, staging and re-staging of different types of cancer in patients on a daily basis. However, it was not until 1997, when approval was granted by the US Food & Drugs Administration (FDA) , that PET could be considered seriously as a major imaging instrument in the diagnostic field [22] . Subsequently, PET-FDG became an established imaging tool in the clinical assessment of many neoplasms, finding a role also in nonmalignant diseases such as dementia, myocardial ischaemia, inflammation and infection [23, 24] .
The diagnostic accuracy of PET-FDG in certain clinical oncological examinations including lung, colorectal, oesophagus cancers, melanoma, lymphomas, breast, head-andneck cancers, sarcoma [25] is higher than other diagnostic imaging techniques. The clinical results are shown in Table  1 . and give a comparison between a standard approach, mainly based on CT and PET imaging. These results demonstrate the early utilization of PET imaging in the detection of cancers [26] .
At this stage in the review it is important to stress that the clinical utilization of PET with FDG in differential diagnosis of solitary pulmonary nodules is not used alone in the routine diagnosis of primary tumours. Due to the higher accuracy of CT the best approach is to use the hybrid PET-CT scanner to diagnose primary tumours to avoid the possibility of obtaining false negative and false positive results. At present, the most relevant clinical application is in re-staging (and staging) of cancer, where PET is acquiring a pivotal position in the diagnosis of the majority of neoplasm (Fig. 4) . More recently, many studies have demonstrated that FDG can be used as an early marker for tumour response with respect to CT therefore, increasing its application in the follow up of patients affected by numerous cancers (Fig. 5) .
In the evaluation of tumour response, the role of PET-FDG in patient follow-up is already clinically relevant, because of advantages in respect to CT and MRI in diagnosis of 'tumour' recurrence. In fact, no FDG uptake can be pre- Uterine/Cervical 43 87 sent in the absence of cells. Therefore, it is important to differentiate recurrence by either necrosis and/or fibrosis, which is remedied by a morphostructural approach. It has to be highlighted that, together with a very high negative predictive value of finding the tumour, few false positive results can be observed when using PET, because of the interfering uptake of the radiotracer at the level of an inflammatory reaction. The hybrid PET-CT scanner has the capability to add morphostructural data to the functional part of the scan to significantly improve the accuracy due to the generation of complementary information achieved by the combined techniques. With respect to the evaluation of tumour response, changes in FDG uptake observed by PET is an early indication on how accurate the therapeutic efficacy responds to changes in size and structure as assessed by CT.
Together with the increasing clinical role in humans, the introduction of the PET micro-scanners has allowed researchers to develop a link with molecular imaging assays. This is a field where Nuclear Medicine is occupying a leading position. In fact, because of the capability of obtaining images of the detecting substances (radiotracers) which are of the order of nano/pico mole dosages in PET. These dosages are many times lower than used in CT and MRI scanners where the detection levels are in micro/millimoles. The imaging techniques of PET and SPECT share a common platform with Optical Imaging (OI) by providing the highest sensitivity and capability to study physiological biochemical processes without affecting them.
Unfortunately, Optical Imaging (OI) can only study superficial structures and therefore Nuclear Medicine is unique in permitting the best molecular imaging in humans to date. In addition, PET micro-scanners enable the evaluation of novel and existing PET radiotracers on small animals before their usage on humans. The PET micro-scanner contributes to the elucidation of specific in vivo metabolic pathways and toxicology of the radiotracers [27] . For example, the development of PET reporter gene assays from mice studies to humans have been used to trace and locate the level of expression of genes by using various radiotracers [28] .
Today the majority of clinical PET imaging is based on the utilization of FDG, a glucose analogue permitting a high diagnostic accuracy in the evaluation of patients with cancer leading to more reliable prognosis information. FDG is also the most diffuse radiotracer in neuropsychiatry, having a pivotal role in differentiating between diagnosing opposing conditions for example dementia, cardiology and in the latter due to the high sensitivity in detecting viable myocardium [29] .
The aim of this review is not to discuss every clinical aspect of PET-FDG or its hybrids but only to give an insight into a select number of applications. The authors wish to clarify that FDG uptake for inflammatory disease processes, presents a problem in differential diagnosis of cancer. This anomaly resulting from inflammatory diseases finds a new clinical role in patients with fever-of-unknown-origin (FUO). Hence, in defining the presence of radiotracer (activity) as premise for the best definition of therapeutic strategies in patients with inflammatory diseases such as tuberculosis and sarcoidosis (Figs. 6, 7) . Therefore, it is warranted in patients with inflammation and infection. This clinical area requires further development in PET-FDG studies [30] .
After a brief report about the basic knowledge of PET and on some key examples regarding the clinical role of FDG in oncology, this review will describe some of the most intriguing perspectives achievable by using a range of radiotracers. Unfortunately, having a full insight into the applications of PET would require books and not a review [31, 32] .
The relevance of this review would contribute to the reduced number of publications in the field of neuropsychiatry, where the most intriguing clinical perspectives are linked with PET radiotracers. Since, various PET studies have been carried out to elucidate the role of dopamine and serotonin neurotransmission processes in the brain [33] . These neuroradiotracers have probed deep into the areas of the brain and central nervous system (CNS) to help and understand storage, re-uptake, post-synaptic binding and signalling mechanisms. Research continues to develop diagnostic imaging in the area of PET-immunology to target monoclonal antibodies against tumour associated antigens. The design of flourine-18 PET reporter probes such as [
18 F]fluoropenciclovir (FPCV) has been developed to image herpes simplex virus type-1 and thymidine kinase (HSV1-tk) for reporter Fig. (6) . A PET-FDG scan of a patient with sarcoidosis.
expression [34] . Other research areas include the use of PET imaging to track the transplantation of stem cells into disease areas of myocardial infarction and Parkinson's disease [35] .
The major interest in the development of clinical PET radiotracers is mostly devoted to the use of fluorinated radiopharmaceuticals. This is due to practical and technical achievements in the corporation of the positron emitter flourine-18 into the chemical structure. Other clinical radionuclide tracers labelled with carbon-11 (t 1/2 = 20.4 minutes) and nitrogen-13 (t 1/2 = 9.98 minutes) are at a disadvantage due to having a fast half-life. The radionuclides copper-64 (t 1/2 = 3.3 days) and iodine-124 (t 1/2 = 4.2 days) suffer from having a longer half-life and are more difficult to produce. A major research interest is based on radiochemistry using radionuclide generators such germanium-68/gallium-68 [36] . Using gallium-68 (t 1/2 = 68 minutes), many molecules of biological interest such as peptides can be chelated to create further openings in the PET clinical field.
New PET technologies have brought about commercial multi-ring scanners which have enhanced spatial resolution to less than 5 mm coupled with a greater sensitivity, axial coverage and increased image volume. The spatial resolution of PET is going to be comparable with that of Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) [37] . This resolution will allow for whole-body PET studies to be carried out rapidly [38] .
A major improvement has been permitted by the production of the so called 'hybrid machines', allowing the possibility to image on the same cross-sectional slice and simultaneously obtain both functional information acquired by PET (or SPECT) and morphostructural data achieved by CT.
Research is ongoing into PET-MRI prototypes which is hoped will produce a dual image at the cerebral level. At present this is as yet unavailable due to the technologies required to fuse the two image components together not developed at an appropriate clinical level. Other relevant technological improvements such as respiratory gating which is based on 4-D Tomography will permit a significant improvement not only in diagnosis, but also in a more reliable target definition in Radiotherapy (Figs. 8, 9 ) [39] [40] [41] . Hence, this gating is a system that tracks a patient's normal respiratory cycle with an infrared camera and chest/abdomen marker. The system is co-ordinated to only deliver radiation when the tumour is in the treatment field.
The future of PET imaging will play a pivotal role in 'personalized medicine' by routine screening and monitoring of malignant disease states, enabling to reach the capability of a tailored therapy. According to Ronald L. van Heer tum MD [42] of the University of Columbia, 'PET is revolu tionizing the fields of oncology, cardiology, neurology, and psychiatry, with a major impact on patient management.' 
BASIC PRINCIPLES OF PET IMAGING
PET imaging of the human body works by detecting in vivo radiation. The radiation is generated from the decay of radiotracers containing an unstable radionuclide. In the decay process a positron ( + ) particle together with a neutrino are emitted [43] . Essentially, the positron is an anti-matter electron ( -) with identical mass to an electron but possessing a positive charge. During the decay process the ejected positron loses kinetic energy by colliding with the surrounding atoms. Hence, this event results in the positron coming to an abrupt rest within nanoseconds. These positrons have typical energies peaking at 0.63MeV and have a very short range within the tissue.
The positron then combines with an electron ( -) resulting in an annihilation reaction and the mass of the positron and electron are converted into energy. This energy produces two 'annihilation' photons (511keV), from the point of ( + --) interaction in opposite directions (approximately 180 degrees apart). The 'annihilated' photons are measured using the principles of PET coincidence detection (Fig. 10) .
For example, the radioactive fluorine-18 [ 18 F], produced from the cyclotron, is a positron emitter. The positron from the unstable [ 18 F] nucleus collides with an electron and both are annihilated. This results in two gamma rays of equal energy but going in opposite directions. The gamma rays leave the patient's body and interact with the scintillation crystals such as BGO (bismuth germinate), LSO (lutetium oxyorthosilicate), GSO (cerium-doped gadolinium silicate), LYSO (Cerium-doped Lutetium Yttrium Orthosilicate) and the photomultiplier tubes in the detectors. These crystals act like transducers by converting the gamma rays into 'light' photons. The photons are then converted into electrical signals that are registered by the tomography electronics. The information is then processed by a computer to form a complex 3-D real time image of a particular part of the body such as the brain or a whole body scan [44] .
Using BGO system the acquisition times are between 4 to 6 minutes per 'table' position. The newer crystal detectors reduce the scanning time intervals to 2-3 minutes per 'table' position. PET and CT scanner technology is allowing for Fig. (10) . A schematic diagram showing positron emission during the decay process of a radionuclide.
higher throughput of patients and these are most noticeably in using LSO detectors. The advantage of LSO is that it provides a higher photon output than compared to conventional BGO detectors. Hence, giving shorter scintillation decay times resulting in the improvement of the count rate. For example high FDG doses can be injected and images can be acquired in the 3-D mode giving better spatial resolution. This allows for the completion of whole-body PET-CT scan in less than 15 minutes (Figs. 10a, 10b) .
The rapid technological advances especially in the area of solid state chemistry are giving way to novel scintillation crystal forms which will help to deliver much improved detector electronics for the next generation of PET scanners. Major contributions in this area have already developed a micro-PET/CT scanner prototypes used for animal imaging [45] .
New capabilities are emerging in the clinical practice in humans which are connected to the so called Time-of-Flight (TOF) systems that are being utilized in commercial PET scanners. These new scanners are creating a better signal-tonoise ratio and therefore, producing more accurate quantitative information for image reconstruction. Consequently, being one of the main goals in Nuclear Medicine is to produce 'real-time' superior images of the human body [46] . At present, almost all the systems acquired by hospitals and research institutions working in the clinical field are hybrid machines that are comprehensive in obtaining a CT scan simultaneously with a PET scan. Unfortunately, the axial CT scanner is no longer commercially available and only used for attenuation correction or to locate a radiotracer's uptake.
At present the output from hybrid CT scanners give spiral 'diagnostic' information involving a number of slices up to 64 or more. The minimal number of 16-32 slices is only needed when angiographic information is required from cardiovascular CT scan. When PET-CT is used in oncology and other pathological conditions not requiring a fine vascular evaluation the number of slices can be less than 16 to give the required clinical information. It must be noted that the acquisition protocol for CT, when used for this purpose, is not the best for a CT analysis, being optimized for the lowest achievable radiation dose. Similarly, in acquiring simultaneously CT and PET scans some artefacts can be produced. To circumvent these problems a technological solution uses a gating respiratory system to permit a more reliable analysis Fig. (10a) . A series of PET/CT-FDG scans of a patient with testicular cancer. These scans were taken using LSO detectors and the 'photon' data was collected over a 2 minutes interval. The total imaging duration was less than 12 minutes. The arrows on the scans indicate areas of abnormal uptake of FDG being consistent with a metastatic disease profile.
Fig. (10b).
The Coronal CT scan on the left was acquired using the hybrid PET-CT scanner in the same patient as in Fig. (10a) . The whole body PET scan (shown on the right) was acquired using the hybrid PET-CT scanner in the same patient. The five arrows indicate metastatic lesions. The arrows to the right indicate spleen lesions not seen by CT.
of organs in movement. This allows for a better definition of a 'tumour' target to be treated with radiotherapy by obtaining improved image quality and quantitative data.
Today, patients have to travel to hospitals and institutions to have a PET or PET-CT scan. To enable a wider distribution of these imaging techniques to the general population in poor and developed countries the use of mobile PET or hybrid scanners would be beneficial to the detection of early disease states. Also, a deeper analysis of technical information, including possible artefacts determined by contrast medium used for CT, is out of the scope of this review [47] .
PET RADIOTRACERS
PET imaging has proved to be an excellent tool in the area of drug discovery by providing crucial in vivo information about the understanding of pharmacokinetics of potential 'early' drug candidates [48] . For example, valuable information can be extracted from the studies of drug-receptor occupancy in determining drug efficacy and most importantly mechanism of action. PET is also used in the biological characterization of disease states by probing active sites with PET radiotracers. The most important positron emitting radionuclides used for PET studies are carbon-11, nitrogen-13, oxygen-15 and fluorine-18. All of these radiotracers are cyclotron products with a short half-life. However, differences in decay between these radionuclides create different necessities for their clinical application. In this sense oxygen-15 and derived radiotracers can only be used when the cyclotron is adjacent to the PET scanner's room. Carbon-11 and nitrogen-13 radiotracers can be utilized only when the cyclotron is close to the institution where the PET scanner is installed. A completely different situation is operative for radio-fluorinated compounds. The advantage of tracers labelled with fluorine-18 produced by the cyclotron is due to the longer half-life of 109.8 minutes. Therefore, these tracers can be produced at PET facilities, which may be hours away from their utilization.
This advantage has been a major value in the expansion of PET in the clinical field with the use of fluorinated radiotracers, especially FDG, generated from the vast number of commercial cyclotrons. This means that there is a wide distribution of PET in the most advanced industrial nations, able to address the everyday increasing clinical needs of patients. More recently, the easier availability of radionuclide generator systems for example germanium-68/gallium-68 can help further develop the necessary radiochemistry through better labelling techniques including the chelation of a diverse range of molecules such as 'biological' peptides.
In Table 3 some of the first radiotracers proposed for a clinical use with PET are presented. Noticeably, the major diffusion is certainly related to FDG and today these radiotracers have primary relevance in oncology. Also, they have a role in the diagnosis of dementia and in the detection of viable myocardium. Hence, they can be used to decide cardiovascular interventions or to evaluate the efficacy of certain revascularization processes.
PET radiotracers used in the human body are generally analogues of biological molecules. Therefore, in most cases a true representation of biological and physiological processes can be obtained after in vivo administration, generating a molecular image. Hence, the majority of radiotracers are labelled with one of the four common positron emitters carbon-11, oxygen-15, nitrogen-13 and fluorine-18 by replacing the atoms of oxygen, carbon, nitrogen or hydrogen in the compound [49] . . Nitrogen-13 (t 1/2 = 9.98 minutes) is produced by proton bombardment of distilled water via a nuclear reaction [50] . Other less commonly used positron emitters include oxygen-14 (t 1/2 = [51] . PET radionuclides can also be produced by radionuclide generators. In particular, the possibility to produce gallium-68 (t 1/2 = 68 minutes) through a generator and the development of radiochemistry 'chelation' methods to label many molecules such as somatostatin analogues (Figs. 11, 12 ). The gallium-68 radionuclide is creating a significant interest in labelling and is a possible substitute for technician-99m labelling kits used in SPECT imaging.
In recent years there have been significant advances in the development of small accelerators such as tandem cascade accelerators (TAC). Of course the availability of generator systems is a further possibility to produce and utilize positron emitters also having a short half-life, without the need of an expensive cyclotron.
The most widely used 'whole body' PET imaging ligand is 2-deoxy-2-[
18 F]fluoro-D-glucose (FDG) and was first synthesized in 1978 [52] . Also, 6-
is used in PET brain imaging in humans [53] , finding more recently new indications in oncology, mainly in detection of neuroendocrine tumours (NETs) [54] . PET is the only 'real time' imaging technique that can be used to study important processes such as glucose metabolism and amino acid transport in tumours [55] . FDG is a glucose analogue capable of penetrating cellular membranes by taking advantage of the sodium and glucose transport systems. Inside the cell, FDG undergoes phosphorylation by the action of the enzyme hexokinase to produce FDG-6-phosphate Fig. (11) . The left image (at the intersection) shows a 68 Ga-DOTATOC-PET scan of liver metastases from pancreatic neuroendocrine tumours (NETs). The right image (at the intersection) shows a tumour response after 90 Y-DOTATOC therapy. Fig. (12) . 68 Ga-DOTATOC-PET scan showing normal distribution.
(FDG-6-P). The FDG-6-P remains trapped in the tissue and glucose is diffused out [56] . Typical doses of FDG used in PET oncological scans are in the range of 200-400 MBq for an adult human [57] . Various PET radiotracers are given in Appendix 1 and this is not a complete list due to the numerous new proposals.
The replacement of the ring hydroxyl group in glucose by fluorine-18 generates FDG. This chemical modification prevents the next step in glucose metabolism in all cells and therefore no further reactions occur in FDG. Furthermore, most tissues except the liver and kidneys cannot remove the phosphate added by hexokinase to the FDG.
Therefore, FDG-6-P is trapped in the cell until it decays. The resulting ionic charge on the phosphorylated FDG is not able to exit from the cell. This results in radiolabelling of tissues with high glucose uptake, such as the brain, the only organ only utilizing glucose as metabolic carburant, the liver, and most cancers. As a result, PET imaging with FDG can also be used at different stages of many cancers. At the present the main role is in re-staging and staging of many tumours such as lymphomas, lung, melanoma, head-and-neck, and breast. A further role is also in the prognostic evaluation of differentiated tumours such as thyroid cancer, where it is normally negative but becoming positive only when undifferentiated lesions appear [58] . More recently an interest is the possibility to use FDG as an 'early' marker for a therapeutic response with respect to standard strategies which utilize CT.
Another growing clinical indication is to use PET-CT for a more precise definition of the tumour target in radiotherapy due to its capacity to single out the viable part of the malignant neoplasm (cancer). In this field a further technological improvement has been added by the respiratory-gated acquisition, mainly useful in radiotherapy of lung cancers.
CLINICAL APPLICATIONS OF PET IMAGING
PET imaging is a Nuclear Medicine technique which generates 3-D images of functional processes in the human body. One of its major usages is the detection of a wide variety of malignant cancers. In particular, the staging of cancer (the quantity of cancer in the human body and position) and the re-staging of cancer (the extent to which the cancer reappears).
The role in differential diagnosis is partially affected by the presence of false negative results, mainly connected with differentiated neoplasm, and false positives, more frequently due to inflammation and infection. Conversely, the increased uptake in active inflammatory diseases is not only a problem for the differential diagnosis of malignancy becoming also an opportunity. For example, clinical indications that is present in patients with fever-of-unknown-origin (FUO), where PET-FDG is the most sensitive procedure. Note FUO refers to a condition in which the patient has an elevated temperature which is of unknown origin. In some cases those with suspicious inflamed and infected prosthesis produce results mimicking FDG uptake indicating a marker of active disease.
There is clinical perspective to be achieved in using PET-FDG to evaluate in diseases of the heart by detecting viable myocardium, in conjunction with the usage of flow radiotracers such as [
13 N]ammonia, or more recently catecholamine analogues. A clinical interest is also present in a variety of neurological disorders and the evaluation of some psychiatric disorders [60] . In particular, FDG is proving to be useful tool in diagnosis of dementia, with a possible role also in patients with mild cognitive impairment (MCI).
It is an interesting perspective to combine the application of amyloid radiotracers in the diagnosis of Alzheimer's disease (AD) with the application of the same radiotracer neurotransmitters to evaluate the dopamine centres of the brain in Parkinson's disease. Therefore, at present PET imaging is proving mainly useful in three broad categories of disease states ( Table 4) .
The PET procedure simply involves a patient lying on a horizontal moving bed and injected with a harmless radiotracer, which acts as an imaging agent. The body is easily able to absorb and eliminate the radiotracer without any significant toxicity. The patient then moves through the 'hole' of the PET scanner. Then the scanner interacts with the radiation emitted by the radiotracer injected in the patient to Table 4 
. Shows Three Main Clinical Areas of PET Imaging
Oncology [57] • is a useful technique in staging and re-staging malignant tumours • can be helpful to increase accuracy in differentiating malignant from benign tumours, as in solitary pulmonary nodules • is helping to locate the best site for biopsy of a suspected tumour • is helping to define the tumour target in radiotherapy • is useful in monitoring the effects of therapy (either radiation or chemotherapy or both) • is able to detect the sites of recurrent disease and differentiate it from radiation tissue necrosis • today, the most important applications of PET (FDG) are its ability to detect malignant lesions in restaging and staging of patients with lymphoma, cancers of breast, lung etc at a stage when the conventional imaging tools fail to do so Cardiology [59] • PET can be used to assess the extent of cardiovascular disease, especially coronary artery disease (CAD), and is particularly centred on the detection of viable myocardium • PET helps in identifying patients who are likely to benefit from heart bypass surgery
Neurology [60]
• PET is useful in diagnosis, planning treatment and predicting outcomes in various neurological disease states create a colour (or a black and white) coded matrix image of the patient's biochemical and physiological functions. Today, the most diffuse tool is the hybrid machine PET-CT scanner capable of producing a simultaneous image. The image is generated from the functional data obtained by the PET component and the morphostructural information by the CT scanner. It is not the objective of this review to discuss the technological advances of PET because these can be better understood by other publications.
Today, a typical PET scan procedure, previously taking up to one hour, is now feasible within 25 minutes. The radiation dose received by the patient is generally lower compared to CT and conventional x-ray techniques (Fig. 13) .
PET & NEUROLOGY
The standard basic principle of PET neuro-imaging, using FDG glucose or flow radiotracers, is based on an assumption that the radiotracer uptake is related to brain activity [60] . This activity can be evaluated by measuring the blood flow to various regions of the brain by administering the radiotracer oxygen-15. The disadvantage of using this radiotracer is its very short half-life of 2.03 minutes. Therefore, on its output from the cyclotron it must be immediately transported and administered to the patient. The most consolidated approach is based on the principle that the brain utilizes glucose in its metabolism [61] as is demonstrated in the series of PET scans shown in Fig. (14) .
It is evident from the series of brain images that the highest physiological activity is observed at the level of grey matter, where FDG's uptake is around 4 times higher with respect to white matter. No activity is observed at the level of the liquor. A disease state determining a pathological distribution can be detected both as reduced uptake as in Alzheimer's disease and in benign tumours. Also, in areas of increased concentration which are observed in malignant tumours and in ictal (seizures) epilepsy. 
Alzheimer's Disease
In patients with Alzheimer's disease (AD) the PET-FDG scans show gradual deterioration of the brain. Alzheimer's disease leads gradually to loss of memory and breakdown of cognitive thinking patterns [62, 63] . The diagnosis of Alzheimer's disease in patients can sometimes be made by carrying out a number of psychometric tests to evaluate the level of cognitive ability. PET-FDG imaging can confirm a conclusive diagnosis of AD, finding a clinical role in patients with suspected dementia. The series of PET brain scans given in Fig. (15) show a reduction in glucose metabolism in the cerebral cortex which is a thin outer layer of the brain at the level of the parietotemporal cortex, responsible for memory, language and alertness. The next generation of PET scanners will have the capability to detect early signs of altered distribution at the level of the posterior cingulated cortex and of hippocampus in AD patients.
PET-FDG imaging of the brain may also be used to differentiate Alzheimer's disease from other dementia conditions (Fig. 16) . The most important consideration for any patient is an early diagnosis of the onset of Alzheimer's disease so treatment can be started as soon as possible [64a] .
Huntington's Disease
Huntington's disease is a degenerative neurological disorder manifesting in abnormal involuntary movement, psychiatric disorder and dementia. PET-FDG imaging shows a brain dysfunction beginning many years before clinical presentation with evidence of decreased striatal FDG-uptake [64b] (Fig. 16a) . Dynamic FDG-PET studies have shown an alteration in the kinetics of striatal glucose in patients with Huntington's disease (Fig. 16b) .
A wide range of carbon-11 radiotracers have been developed for PET imaging that are specific neuro-receptor subtypes are outlined in Table 5 . These radiotracers are used mainly for research purposes in PET centres which have a cyclotron and a qualified radiochemistry, act as either agonists or antagonists to allow the visualization of neuroreceptor sites in particular neurological disease states. For example the radiotracer N-methyl- [ 11 C]-2-(4'-methylaminophenyl)-6-hydroxybenzothiazole known as [ 11 C]PIB or Pittsburgh Compound-B is a novel PET probe which helps in the visualization of beta-amyloid (A ) plaques in the brains of Alzheimer's patients (Fig. 17) . Note beta-amyloid (A ) is a peptide of 39-43 amino acid units that appear to be the main Fig. (15) . Shows a series of PET-FDG scans of a patient with Alzheimer's disease. PET amyloid plaque imaging with [ 11 C]PIB is shown to have a higher accumulation in patients diagnosed with AD and also in its early stages in comparison to patients with no dementia. Most importantly, [ 11 C]PIB confirms the existence of A plaques prior to the onset of dementia. Hence, PET [ 11 C]PIB imaging can now detect preclinical AD pathology with the same accuracy as seen in post-mortem examinations [65] . It has however to be pointed out that the clinical role of PIB both in patients with AD and in those affected with its first clinical step, the Mild Cognitive Impairment (MCI), has not been yet generally accepted, requiring a wider clinical experience. In particular, the possible role of PIB not only in early diagnosing MCI, but also in individually defining the evolution from MCI to AD could be a pivotal acquisition, if connected with the availability of new drugs or strategies avoiding this clinical path. A major advantage for a wider distribution of neuroreceptor imaging, needed to create a clinical role, is connected with flourine-18 radiotracers for the imaging of the same receptor subtypes presented in Table  5 . In fact, it has to be noted that fluorinated agents can be used also in PET centres without a cyclotron or qualified radiochemistry, therefore creating a major opening to the clinical diffusion of these procedures.
Parkinson's Disease
In movement disorders and in other diseases of the motor system, the contribution of PET-FDG is useful, but doesn't have the capability to answer some relevant clinical questions [66] . A major interest is therefore connected to other radiotracers. Dopamine [67] Parkinson's disease (PD) [68] is the result of loss of dopaminergic neurons in the substantia nigra. The greatest loss of neurons is seen in the ventrolateral tier of the pars compacta, with lesser involvement in the dorsomedial tier. These areas can be detected by PET-[
18 F]DOPA and show a decline in [ 18 F]DOPA levels in the putamen contralateral area of the brain.
The presence of PET radio-compounds tracing all the steps of dopamine neurotransmission could open up a future clinical role not only for an early diagnosis and a prognostic evaluation, but also for a better definition of therapeutic strategies. At present, the most important clinical information allowed by dopamine receptor imaging is the differential diagnosis between Parkinsonism and essential tremor. This is also achievable by SPECT using [ I]-ioflupane, presenting a high binding affinity for dopamine transporters in the brains of mammals, in particular the striatum region [69] .
Epilepsy
Epilepsy is a disorder of the central nervous system (CNS) resulting from electrical activity in the brain, and characterized by seizures. This chronic neurological disorder occurs in about 20-50 cases in a 100,000 population sample. The seizures are the result of abnormal firing of the neurons in a cluster of brain cells (Fig. 19) . These cells become highly metabolic during the seizure period and show decease in activity between seizures than normal functioning brain cells [70] . The application of PET-FDG imaging in epileptic patients is to determine the regions in the brain which show epileptogenic foci. PET imaging was first introduced in the 1980s to study epilepsy following the observation of regional glucose hypo-metabolism in patients with partial seizures using the radiotracer FDG (Fig. 20) . Hence, PET can provide information on cerebral blood flow, oxygen consumption and cerebral glucose metabolism. In partial seizures, there is an increase in glucose metabolism and cerebral blood flow in the region of the epileptogenic foci during the ictal (seizure) period. A scan performed during the ictal period creates more favourable conditions to detect the focus, acquiring a further clinical relevance when a fusion imaging with MRI (or CT) permits a precise anatomical localization.
PET-FDG imaging shows how the tissues in the brain are functioning. The regions of lower function will use less energy in comparison with high metabolic regions, which consume lots of energy. The PET scan will show the difference in functional activity. Diagnosis is facilitated during a seizure, because pathological regions will be detected (light up) as areas of increased glucose metabolism. Following the . (19) . Shows a series of PET-FDG scans resulting from epileptic seizures. seizure, the brain glucose level can decrease or remain elevated for couple of days (Fig. 21) .
In between seizures, PET-FDG will show a pattern of slightly reduced need for glucose and therefore, because of the uptake at the level of the normal brain, the epileptic focus is in many cases not easily detectable.
The advantage of using PET-FDG imaging is in its ability to provide an insight as to the degree of severity of the epilepsy thus preventing invasive surgery or conversely providing information regarding a surgical strategy. In some cases, surgery requires electrodes being placed directly on the surface of the brain to monitor electrical activity. The majority of epileptic patients can control their condition with powerful drugs and therefore do not require surgical intervention. If neurosurgery is required a PET scan helps to decide the best option for brain surgery to remove defective tissue and reduce the frequency of seizures.
At present, the most important clinical indication of PET-FDG is in detection of the epileptogenic regions in patients with temporal lobe epilepsy (TLE) reducing the need for invasive electro-encephalogram (EEC) studies. Temporal lobe epilepsy (TLE) is a form of focal epilepsy, a chronic neurological condition characterized by recurrent seizures. PET can also measure the binding of specific radiotracers to 'brain' receptors, which contribute to the formation of seizures. For example serotonin 5-HT 1A receptor binding is shown to decrease in TLE [71] . To date, PET-FDG performed during a seizure remains the most sensitive, noninvasive imaging tool for temporal lobe seizures compared to MRI [72] , which is however mandatory both for a better The PET radiotracer [
11 C]flumazenil has been used to study the BZD receptors in the role of epilepsy [73] . These BZD receptors are situated in the same region as theaminobutyric acid (GABA) receptors. The latter being the most important inhibitory neurotransmitters in the CNS. A reduction in [ 11 C]flumazenil binding has been observed at the mesial temporal lobe in TLE patients from the amygdale (an 'almond-sized' shaped brain structure linked to the person's mental and emotional state) and hippocampus region of the brain which is located in the medial temporal lobe.
PET & PSYCHIATRY
A large number of compounds (drugs) have been synthesized with carbon-11 or fluorine-18 radiolabels and tested for selectively binding at specific neuro-receptors, which are of interest in psychiatric disorders. PET radiotracers that bind to dopamine, serotonin, opioid receptors and other sites have been used in human studies. Research has evaluated the changes in the neuro-receptors of psychiatric patients com- Fig. (22) . PET-FDG scans comparing brain activity during periods of depression (left) with normal brain activity (right). An increase of blue and green colours, along with decreased white and yellow areas, show decreased brain activity due to depression. Fig. (23) . PET-FDG scans demonstrating a comparison between a clinically depressed patient (right scan) and a control patient with no depression (left scan). The blue colour represents less activity (glucose metabolism) while the red represents more activity (glucose metabolism). Note the relative hyperactivity of the cortex on the right scan with marked hyperactivity of the prefrontal, frontal and deeper basal ganglia.
pared to healthy controls for schizophrenia, substance abuse, mood disorders and other psychiatric conditions [71, 74] . Although this indication is not in the clinical field, for the first time the PET images in Fig. (22) and Fig. (23) are able to be used as a diagnostic tool to detect depression in an individual.
PET & ONCOLOGY
Clinical applications of PET imaging in oncology have been developed since the 1980s at first in brain tumours [14, 16, 20, 21] and subsequently for whole body evaluation. In the last decade this imaging technique has become an essential tool in the assessment of cancer [75] . The Centers for Medicine and Medicaid Services (CMS) in the USA first approved PET for use in oncology in 1998 [75] and today PET with FDG has a major role in oncology. Essentially, this review is not able to report on the pathophysiological premise of all clinical information regarding a deeper analysis of normal distribution, physiological and pathological distributions of PET radiotracers, and its associated pitfalls. For this purpose many publications and books can address these issues more thoroughly [31] .
Presently, research into cancer focuses on prevention by avoiding associated predisposing risk factors, diagnosis and effective and subsequent treatments. The challenge for cancer research is to develop in vivo and vitro models in order to understand complex biological processes and subsequently to transfer these 'cancer' models into the clinical field. Consequently, some of the most promising applications of PET include: tumour imaging and diagnosis with molecular markers, including apoptosis markers and analysis of the tumour environment (hypoxia, neo-angiogenesis) prior to therapy [76] .
One of the advantages of Nuclear Medicine over conventional Radiology is its ability to provide physiological rather than anatomical information. PET imaging techniques map out the bio-distribution of an administered radiotracer (Fig.  24) [50] . It is accepted that the rate of glucose metabolism is much higher in cancer than in normal tissues. This behaviour is dependent on faster cell division with respect to normal cells and to an increased anaerobic metabolism determining a higher FDG uptake which is related to malignancy/disease.
The accelerated rate of glycolysis results from increased levels of hexokinase activity. This hexokinase activity also results in an increased concentration of glucose transport proteins in the tumour cells. This property can be exploited to confirm a diagnosis of a brain tumour/cancer by using PET-FDG (Fig. 25) .
It has to be pointed out that the brain normally consumes glucose and therefore this can represent some difficultly in analysis for FDG, because of the relatively low tumour and background ratio achievable. Therefore, although PET-FDG represents a useful tool, mainly for diagnosis of tumour recurrence or for a prognostic evaluation of malignancy, it is not too accurate in detecting brain metastases, where a diagnosis with CT or MRI is preferable. Conversely, an easier analysis is possible for a whole body evaluation.
A further limitation of using the PET radiotracer FDG in oncology is that glucose metabolism is not significantly increased in every tumour. For example, it can be low in prostate carcinoma or in well differentiated tumours, like thyroid carcinomas and neuroendocrine tumours (NETs). Other false negative results can be obtained for tumour lesions smaller than 0.5-1.0 cm, with low accuracy in the presence of a higher background uptake. Another significant disadvantage for the diagnostic role of FDG in oncology is that it is not specific entirely to the tumour. Some disease states, with the presence inflammation and/or infection can lead to elevated levels of FDG uptake [77] . Therefore FDG is to be used only where it can significantly determine diagnostic accuracy as opposed to using a standard approach -otherwise, it must be used with caution -for example differential diagnosis of solitary pulmonary nodules. Conversely the FDG role is ever more important in restaging (and staging) of patients with tumours showing high uptake at their presentation, because of a higher sensitivity in detecting metastases, with main reference to lymph nodes as opposed to a standard approach. In patient followup, a high clinical value is also obtained from information relating to diagnosis of disease recurrence. More recently, the capability of FDG to represent an earlier marker of tumour response with respect to CT is creating a new and very important field of application in oncology.
Difficulties in the assessment of brain tumours, because of the high uptake of FDG in normal tissue, allowed for the introduction of alternative radiotracers to provide a deeper pathophysiological evaluation. For example, brain tumours can often be associated with oedema and unfortunately, imaging techniques such as MRI are unable to distinguish between extra-and intracellular environments. The radionuclide [ 76 Br]bromide has been used to measure the regional extracellular space in a variety of brain tumours due to the fact that bromide ions can distribute exclusively in the extracellular space (Fig. 26) . The knowledge gained from extracellular brain oedema imaging is essential since it can be used to define the diffusion properties of drugs used in tumour treatment [78] .
A quantitative measurement of the blood brain barrier (BBB) permeability can be obtained by using the radiotracer [Ga-68]EDTA complex [79] . The quantitative analysis significantly increases achievable information, as demonstrated both in neoplasm and in multiple sclerosis (MS) [80, 81] . As previously said, PET-FDG doesn't have a clinical role in diagnosis (and staging) of well differentiated tumours, such as thyroid carcinomas, where the examination is less sensitive because of the absence of FDG uptake at the level of slow growing malignancies.
Since there is an increased glucose metabolism in tumour cells the PET-FDG radiotracer can target the thyroid metastases as the tumour cells become undifferentiated, losing their capability to concentrate iodine.
In the follow-up of patients with thyroid cancer, presenting high serum thyroglobulin (Tg) levels, FDG's uptake can therefore define a difficult prognosis indicating that certain patients cannot be cured with radionuclide therapy using iodine-131 [82] (Figs. 27, 28 ).
[ 18 F]Fluoromisonidazole
PET-FDG is an established imaging technique for targeting volume delineation (tumour shrinkage) following radiotherapy treatment for example in head-and-neck cancers [83] . In addition, the radiotracer [
18 F]fluoromisonidazole has been used to assess the hypoxic level in a variety of tumours (Fig. 29) . Tumour hypoxia has been shown to be one of the Fig. (25) . Shows a series of PET-FDG scans indicating an intense uptake at level of a brain tumour in the temporal lobe. Fig. (26) . A series of PET-[
76 Br]bromide scans revealing circumscribed extracellular oedema in the tumour are shown by the red region.
major contributory factors affecting the ability to treat tumours. The hypoxia is a consequence of an irregular vascular structure of a tumour in which excessive proliferation plays a role. Tumour tissues that show high metabolic activity often have enhanced proliferation rates, which may lead to tumour hypoxia. Glucose metabolism may also be activated under hypoxic conditions [84] . 
Lung cancer, FDG and [ 18 F]Fluorothymidine
PET is one of the most important tools in lung cancer imaging since the introduction of Computed Tomography (CT) [85] . Lung cancer cells have shown to have a high affinity for FDG and therefore PET can help in the diagnosis, prognosis, staging and re-staging of lung cancer. The major- Fig. (28) . Thyroid cancer follow-up after surgery and radionuclide therapy with iodine-131 indicating a false-positive increase of Tg serum levels providing a true-negative PET result. ity of published work in lung cancer relates to non-smallcell-lung-cancer (NSCLC), but evidence suggests that PET is also an excellent method for imaging small-cell-lung-cancer, presenting an important clinical role, mainly in re-staging [86] . The thymidine radiotracer analogue [
18 F]fluorothymidine [87] has a greater uptake in lung cancers with high proliferating cell activity. [ 18 F]Fluorothymidine is not usually expected to be concentrated in inflammatory lesions. This observation can lead to a wider clinical experience creating an important premise both in increasing diagnostic accuracy at the first diagnosis and defining 'in vivo' prognosis on the basis of the analysis of the DNA doubling rate.
Lymphoma
Malignant lymphomas are the fifth most frequency occurring type of cancer in the USA [88] . In 2005 there were 7,350 new cases of Hodgkin's disease (HD) and 56,390 new cases of non-Hodgkin's lymphoma (NHL) diagnosed [89] . NHL's are a heterogeneous group of diseases that vary in prognosis according to histological and clinical features.
PET-FDG imaging has gained a role in the staging and assessment of Hodgkin's disease and non-Hodgkin's lymphomas completely replacing gallium-67 (t 1/2 = 78 hours) as a radiotracer (Fig. 30) [90] . Today there are many protocols for considering the possible role of PET-CT as an alternative to CT alone for better staging and re-staging of lymphomas.
Breast Cancer
Breast cancer accounts for 33% of all cancers in women with 44,000 new cases reported each year in the UK. The male population is also susceptible to breast cancer but this is rarer with approximately 250 new cases diagnosed each year. Breast cancer develops in the milk-producing glands and in the passages or ducts that deliver milk to the nipples. A major problem is that some breast cancers may spread to other parts of the body for example, the lymph nodes. The UK breast cancer death rate has fallen by 20%, due to advances in treatment and medical imaging techniques [91] .
Breast cancer can be accurately detected, staged and restaged by using PET-FDG imaging (Fig. 31) . The PET-FDG images are classified into unlikely malignant, probably malignant and definitely malignant cancers. Thus breast cancer exhibits increased FDG uptake that is more prominent in infiltrating ductal than in lobular carcinomas. Therefore, FDG uptake in breast cancer can be increased and the degree of uptake is correlated to histological characteristics of breast tumours. It has to be clarified that, because of the presence of false negative and false positive results, PET-FDG cannot be considered an alternative to Mammography (Mx) for screening of breast cancer. Similarly, a higher sensitivity in detecting millimetric lesions is present in MRI which has to be selected as a back-up choice for improving Mx sensitivity. Another important diagnostic tool is ultrasound which can be used instead of/or with Mx prior to any surgical pro- Fig. (30) . Shows two PET scans of a patient with infra and supra-diaphragmatic lymph nodes. These PET images allow complete staging with just one test and serves as the basis to check treatment efficacy.
cedure and also to guide cytological analysis. However, in patients of low probability of cancer, with a T1 (small, minimally invasive within primary organ site), N0 (no lymph node involvement), M0 (no distant metastases) stage, the best analysis of lymph node involvement today is connected with radio-guided surgery, using the 'sentinel node' technique. Although due to accuracy, PET-FDG alone should not be used as a technique for breast cancer screening and diagnosis. A possible role for PET-FDG imaging could be found for diagnosis and staging in women with dense or scarred breasts. Other applications include recurrent cancer, in staging of patients with advanced cancer; in restaging of patients with high probability of future metastases can also be considered [92a] .
There is an interesting emerging perspective with the studies demonstrating the possible role of PET-FDG as an early marker of a therapeutic response. Clinical trials are in progress using PET Imaging with copper-64 labelled trastuzumab in HER2+ in metastatic breast cancer. The PET scan shown (Fig. 32) is typical of the radiotracer copper-64 [92b] .
[ 11 C]Choline and [ 18 F]Choline
Choline is a natural blood constituent and is capable of penetrating cell membranes. Therefore, [
11 C]choline was introduced as an alternative radiotracer to address the limitations of using PET-FDG [93] . In tumours the only metabolic pathway of [
11 C]choline is its integration into phospholipids. After several metabolic processes it is integrated into the lecithin cell membrane of the tumour. The tumour cells have the ability to undergo rapid duplication and subsequently produce cell membranes at a similar rate. Therefore, the rate of uptake of [
11 C]choline in tumours is proportional to the rate of tumour duplication. PET-[
11 C]choline enables the visualization of malignant tumours through the increased demand for cell membrane building blocks during duplication [94] . The [ 11 C]choline tracer has been detected in the liver, renal cortex, salivary glands and kidneys.
Less consistent results were obtained in the lungs, spleen, skeletal muscles and the bone marrow. Variable uptake of the radiotracer was observed in the pancreatic region and a linear uptake in the abdomen. [ 11 C]Choline uptake in the brain was negligible and no uptake was observed in the mediastinum and myocardium. [ 11 C]Choline was shown to accumulate in prostate and bladder carcinomas [95] . Interesting results have also been published in liver cancer, where FDG is affected by a low sensitivity. More recently, the availability of the fluorine-18 substituted choline analogue, [ 18 F]fluoroethylcholine (FECH), as a radiotracer of cancer detection strongly stimulated the diffusion of this procedure for a clinical role in tumours where FDG is not indicated (Figs. 33-35 ). [96] . It permits more specific information and accuracy in diagnosis of tumour recurrence and better defines the viable part of the tumour for a more precise biopsy.
Nevertheless, since C-MET and FET uptake is also present in low grade tumours there is a lower prognostic value at the first diagnosis. Therefore it must be done with PET-FDG.
PET & CARDIOLOGY
The current applications of PET imaging in cardiology [59] include the measurement of regional myocardial blood flow and the investigation of the patients susceptibility to ischaemic myocardium. The main clinical application is in the definition of the viable myocardium [98] . During the last decade, cardiac PET imaging has become an useful diagnostic tool to determine the vascular condition of the heart. PET imaging provides -in the best way -accurate qualitative and quantitative assessment of the physiological processes in the heart. Therefore, the clinical applications of PET imaging in cardiology are the assessment of the myocardial blood flow understanding of myocardial metabolism and the individual Fig. (33) . Shows a PET-FECH scan indicating normal FECH uptake. patient risk of developing coronary heart disease (CAD) [99] .
There are only three cardiac PET radiotracers, which have been given FDA approval in America. These include rubidium-82 and [
13 N]ammonia for myocardial perfusion imaging (MPI) studies. The remaining radiotracer is FDG and is used to assess the degree of ischaemic heart disease in the myocardium (Fig. 36) . Cardiac PET-FDG is a wellestablished imaging technique and has now become the gold standard [100] .
Another application of myocardial perfusion imaging (MPI) includes the evaluation of beta receptors or sympathetic receptors in the heart. The distribution of radiotracers in the myocardium is determined by the amount of radiotracer that crosses the capillary membranes in a single injection [59] .
The radiotracer [
13 N]ammonia has a short half-life of 9.8 minutes. At cardiac rest 95-100% it will cross the capillary membranes. The increased blood flow will cause [
13 N]ammonia to diffuse back into the vascular space. The [
13 N]ammonia crosses the myocardial cell membrane by the process of passive diffusion. It then becomes trapped in the myocardium via the glutamate-glutamine reaction [101] .
Rubidium-82 has a very short half-life of 1.3 minutes and behaves like a potassium cation analogue. This radiotracer is absorbed and retained in the myocardium via the Na-K activated ATPase system. The rubidium-82 PET tracer in the form of 82 Rb-RbCl is easily produced on site of use at the Fig. (34) . Shows a PET-FECH scan indicating uptake at the level of a brain tumour; no uptake was shown by the normal brain. hospital by a strontium-82/rubidium-82 [ 82 Sr- 82 Rb] generator system. The imaging properties of rubidium-82 are very similar to thallium-201 with high extraction and high flow thus allowing a series of myocardial perfusion images to be taken at short time intervals [101] . Rubidium-82 causes less toxic side effects to the liver or bowel regions in the body compared to other imaging radiotracers such as thallium-201 and technetium-99m sestamibi [102] .
The advantage of using [
15 O]water is that it is freely diffused with an extraction fraction approaching 100%. Its myocardial uptake is largely independent of blood flow or radiotracer metabolism. The problem with this tracer is that it is concentrated not only in the myocardium but is also distributed into the blood pool and adjacent tissue of the lungs. [103] . Therefore, as new PET radiotracers for cardiac metabolism are developed, the diagnostic usefulness of PET imaging will improve.
Interesting perspectives, not yet in clinical practice, are also connected with many other research proposals. These include permitting the evaluation of staminal cells and gene therapies [104] [105] [106] [107] , that are clinically useful such as radio compounds tracing free fatty acids, apoptosis/necrosis, and finally the active plaque [108] [109] [110] [111] [112] .
CONCLUSION
In the areas of oncology, neurology, and cardiology clinical PET imaging is playing an important role in the understanding of biochemical and physiological disease mechanisms. This safe, non-invasive imaging technique uses low 'radiotracer' doses. These radiotracer doses have a very short half-life and in the large majority of cases, are quickly metabolized in the human body. Therefore, they must be administered with minimum toxicity to the patient. PET imaging is able to provide relevant information such as those on tissue perfusion, drug target binding and in vivo distribution of 'radiotracer' drugs in cells. The future direction of PET imaging will address and detect a variety of changes in Fig. (36) . These series of myocardium perfusion and metabolism PET images of the anteroseptal region of the heart were done using the radiotracers [
13 N]ammonia and FDG respectively. These scans indicate a weakness in the myocardium and make the patient a suitable candidate for heart bypass surgery. the human body such as: patterns in oxygen flow including the heart and lungs, cellular transport systems, cell proliferation, gene expression, protein production, receptor systems, cellular enzyme and metabolism systems (Table 6) .
Following, the importance of PET in oncology, it will evolve into a routine diagnostic tool for many underlying neurological diseases such as dementia and Parkinson's disease (PD). Recently PET imaging has played a key role in the fight against Alzheimer's disease (AD) with the development of the radiotracer Pittsburgh Compound B ([ 11 C]PIB) used to detect amyloid plaques in the brain. Hence, PET provides an early warning system and therefore the opportunity to be given appropriate drug therapy.
The field of oncology is also reaping the rewards of PET imaging from the use of FDG as a tracer of glucose metabolism. FDG is an established radiotracer, readily available and reimbursed by US medical insurance schemes for the diagnosis, initial staging and follow up of various cancers. Recently, it has become a useful monitoring tool in cancer treatment and in radiation therapy planning. PET imaging is also essential for assessing the size and volume of a variety of 'brain' tumours following chemotherapy treatment.
PET Cardiology has been used on patients who are at a high risk of coronary heart disease (CAD) and heart failure. The cardiac PET imaging procedures examine the density and activity of adrenergic receptors and provide a technique for the detection of early heart disease. Continued research and development in PET imaging will contribute to even earlier diagnosis of more disease states and could potentially lead to a 'personalized medicine' culture which would be governed by our own genetic signature. would like to thank Olivera Kitson for proof reading and making valuable changes to this review.
APPENDIX 1
A selection of PET radiotracers used in the clinical field for the measurement of transport, cerebral blood flow, and metabolism in the human body. 
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